Plant genetic transformation technologies rely upon the selection and recovery of transformed cells. Selectable marker genes used so far have been either antibiotic resistance genes or herbicide tolerance genes. There is a need to apply alternative principles of selection, as more transgenic traits have to be incorporated into a transgenic crop and because of concern that the use of conventional marker genes may pose a threat to humans and the environment. New classes of marker genes are now available, conferring metabolic advantage of the transgenic cells over the non-transformed cells. The new selection systems, as described in this review, are being used with success and superior performance over the traditional marker systems.
Introduction
The production of transgenic plants involves the delivery of a foreign gene of interest and a selectable marker gene that enables the selection of transformed cells, calluses and embryos. This is necessary because of the typically low transformation frequencies, which result in a few transformed cells among the bulk of untransformed ones. In the traditional selection systems, these selectable marker genes encode either herbicide tolerance or, most often, resistance to antibiotics. The most widely used selectable marker gene is the neomycin phosphotransferase gene (Fraley et al., 1983) which confers resistance to aminoglycosidetype antibiotics such as kanamycin, neomycin and G-418 (geneticin) . A number of other selection systems have been developed based on resistance to bleomycin, bromoxynil, chlorsulfuron, 2,4-dichlorophenoxy-acetic acid, glyphosate, hygromycin or phosphinothricin (Bowen, 1993) . The corresponding resistance genes are, in most cases, not relevant to the transgenic trait of interest and thus may be undesirable once the selection process has been accomplished and transgenic plants generated (Flavell et al., 1992) . Moreover, although transformation procedures have been established for a wide range of plant species, some of these species (especially monocots) are naturally resistant to one or more of the above selective agents (Wilmink and Dons, 1993) , which may give rise to an unacceptable proportion of non-transgenic escapes. Therefore, alternative selective agents and more efficient selection methods are required.
There has been a growing concern worldwide regarding the use of traditional marker genes in genetically modified food organisms because they might pose an unpredictable hazard to the ecosystem as well as to human health, and some authorities encourage research on alternative selection systems (ACNFP, 1994) . Increasing research is also focused on the complete removal of selectable marker genes via segregation or the use of heterologous site-specific recombination systems or transposition (Puchta, 2000) . This is still in an experimental phase and poses risks such as the creation of additional recombination spots. Certainly, there are disadvantages associated with antibiotic or herbicide resistance genes in a selection system, such as potential toxicity or allergenicity of the gene product and interference with antibiotic treatment and possible increased herbicide applications. However, the real drive for finding alternative selection systems comes from plant transformation science itself. At present, and definitely in the future, expression of multiple gene combinations will be necessary. This can be achieved by a one-step introduction of gene fusions or artificial operons, or via consecutive transformation steps. In the latter case, a selectable marker gene should be used which is different from the one introduced together with the first gene of interest. Thus, consecutive transformations can only be done if a wide range of alternative selection systems is available in a particular plant. Further, a major drawback of all presently used selection systems is that they are based on the principle of negative selection, which means that the untransformed cells are effectively killed by the selective agent. As a consequence, most transformed cells will not regenerate into plants because dying untransformed cells release growth inhibitors and toxic substances, and compromise the uptake of essential minerals and vitamins from the culture medium.
Thus, in summary, novel selectable marker systems are needed for the following reasons: (1) to increase transformation frequency by improved selection, (2) to allow repeated transformation operations, and (3) to minimize the use of antibiotic and herbicide selectable marker genes. 
Positive Selectable Marker Genes
Recent developments (Table 1) are based on the concept of positive selection, in which the transgenic cells enjoy a metabolic advantage over the untransformed cells that are starved rather than killed. This can be achieved by using a physiologically inert substance as 'selective' agent, which is then converted, due to expression of the appropriate selectable marker gene in transformed cells, into a compound exerting positive effects.
Glucuronide conjugates. Joersbo and Okkels (1996) were the first to apply the principle of positive selection in plants: transgenic tissues harboring the gusA (b-glucuronidase) gene from Escherichia coli hydrolyze benzyladenine-glucuronide (Okkels et al., 1997) into active cytokinin and hence are stimulated to grow, whereas untransformed cells are arrested in their development. In their transformation experiments with tobacco leaf discs using benzyladenine-glucuronide as the selective agent, transformation frequencies were 1.7 -2.9-fold higher than with kanamycin selection. In addition, the gusA gene can be used both as a selectable marker as well as a reporter gene, which obviates the need for any traditional selectable marker gene at all.
Phosphomannose isomerase. Most plant species cannot metabolize mannose (or mannose-6-phosphate) and in plant tissue cultures mannose has been known to be unable to support growth (Malca et al., 1967) . In fact, after uptake, mannose is phosphorylated by endogenous hexokinase to mannose-6-phosphate (Fig. 1) , which accumulates and results in severe growth inhibition (Malca et al., 1967) and induction of an endonuclease to degrade DNA (Stein and Hansen, 1999) . Phosphomannose isomerase (PMI, or mannose-6-phosphate isomerase, EC 5.3.1.8) is an enzyme catalyzing the reversible isomerization of mannose-6-phosphate to fructose-6-phosphate (Fig. 1) , which serves as a precursor for the glycolytic pathway. In addition, PMI is also involved in the synthesis of GDPmannose, which is a major constituent of glycosylation reaction products as well as a precursor for the ascorbate biosynthetic pathway in plants. The enzyme commonly occurs and has been characterized in bacteria, yeast and mammals, including pigs and humans. The manA gene of E. coli (Miles and Guest, 1984) , which encodes PMI, has been used successfully in transformation experiments with cassava, maize, rice, sugar beet and wheat (Table 1) . As a result of PMI expression, transgenic cells actively grow over the non-transgenic ones, which continue to starve in the presence of mannose.
When using 1.0-1.5% mannose in sugar beet transformation experiments, a 10-fold increase in transformation frequency was observed and 20 -30% of the explants produced shoots (Joersbo et al., 1998) . A stepwise increase in the selection pressure efficiently eliminated the growth of the non-transgenic shoots. No difficulties were experienced in the capacity of the transgenic plants for rooting, in contrast to what is often observed following kanamycin selection. In a study on the interaction of mannose with carbohydrates, sucrose, glucose, maltose, and fructose were found to alleviate the selective effect of mannose (Joersbo et al., 1999) . Thus, it is possible to use mannose in combination with sucrose to tailor an optimal selection pressure according to specific needs of a plant species or the purpose of the experiment.
In cassava, positive selection with mannose was used in parallel with negative selection with hygromycin (Zhang and PuontiKaerlas, 2000; Zhang et al., 2000) . The mannose concentration required for efficient selection in cassava was significantly higher (2%) than in sugar beet (0.3%). A decreasing selectivity of mannose was also seen when sucrose was supplemented to the selection medium. In the rooting assays, a complete inhibition of control shoots was observed in the presence of 1% mannose compared to normal rooting of the transgenic shoots, indicating that mannose may be useful for a rapid screening of the primary transformants. Transgenic maize plants were obtained by polyethylene glycolmediated protoplast transformation using selection with 2% mannose (Wang et al., 2000) . The transgenic calluses grew on the mannose medium and the T2 generation gave a 3:1 segregation ratio, indicating a single insertion of the manA gene into the maize genome. Via Agrobacterium-mediated transformation of immature embryos, the potential use of PMI was also evaluated for maize (Negrotto et al., 2000) . The recovery of transgenic lines was found to be as high as 30% about 12 wk after transformation. More recently, Wright et al. (2001) applied mannose selection to produce transgenic maize and wheat by particle bombardment, with mean transformation frequencies of 45% and 20%, respectively. Parallel experiments with a similar construct but containing the pat gene from Streptomyces viridochromogenes (for Bastaw selection) resulted two-to three-fold lower transformation frequencies . Fertile transgenic wheat plants were also produced using the manA gene and selection on mannose-containing media (Reed et al., 1999) , with a transformation frequency in the range of 5 -35%. Recently, this marker system has been employed successfully in rice (Lucca et al., 2001) with transformation frequencies up to 41% when embryogenic calluses were exposed to 3% mannose during the initial selection, increasing to 5% in the last 2 wk of selection. It has been shown that the chlorophenol-red assay (Kramer et al., 1993) , as an indirect measure of PMI expression, can be used for transgenic roots to evaluate mannose tolerance.
To assess the safety of PMI, extensive studies need to be conducted. According to preliminary tests based on allergenicity and acute oral mouse toxicity of PMI purified from transgenic plants, and on evaluation of agronomic and nutritional characteristics of PMI transgenic plants, no adverse effects were found . On the basis of these observations, and considering the essential role of PMI in primary metabolism, this selection system can currently be considered as safe for the environment as well as the consumer.
Xylose isomerase. Xylose isomerase (or D-xylose ketol-isomerase, EC 5.3.1.5), a common enzyme in prokaryotes, is involved in the interconversion of D-xylose to D-xylulose that, after phosphorylation by xylulokinase, enters the pentose phosphate pathway (Fig. 2) . In general xylose, similarly to mannose, cannot be metabolized by plant cells, while they can utilize D-xylulose because they express xylulokinase. The recent isolation of the first eucaryotic xylose isomerase gene from barley (Kristo et al., 1996) also opens the way towards engineering xylose resistance in plants without using bacterial genes. So far, transformation with the xylose isomerase gene (xylA ) from Streptomyces rubiginosus (Wong et al., 1991) and Thermoanaerobacterium thermosulfurogenes (Lee et al., 1990) as selectable marker was demonstrated in potato, tobacco and tomato (Haldrup et al., 1998a, b;  Table 1 ). In potato shoot cultures, xylose alone was toxic but the addition of sucrose decreased its toxicity. This selection system yielded an eight-fold increase in transformation frequency over kanamycin selection (30% vs. 4%) using stem segments. Xylose selection also proved to work with potato leaf discs, though at a lower frequency (maximum 11%) (Haldrup et al., 2001) . In tobacco, the transformation frequency with xylose selection was slightly less (13%) than that of kanamycin (18%), whereas in tomato the respective frequencies were comparable (9% and 7%). These results show the potential of xylA as another non-antibiotic selectable marker gene. The enzyme is widely recognized as safe, for it has been used commercially in the starch industry and for food processing.
In summary, the positive selection systems described above offer safe alternatives to antibiotic or herbicide resistance selection, which have often been associated with certain disadvantages, as discussed above. During positive selection, the action of these new marker gene products stimulates regeneration of transformed cells, whereas the selective agents do not kill the untransformed cells. Research in a range of monocot and dicot plants has shown considerable success with this approach in plant genetic transformation.
